Export of DsbA, a protein disulfide bond-introducing enzyme, across the Escherichia coli cytoplasmic membrane was studied with special reference to the effects of various mutations affecting translocation factors. It was noted that both the internalized precursor retaining the signal peptide and the periplasmic mature product fold rapidly into a protease-resistant structure and they exhibited anomalies in sodium dodecyl sulfate-polyacrylamide gel electrophoresis in that the former migrated faster than the latter. The precursor, once accumulated, was not exported posttranslationally. DsbA export depended on the SecY translocon, the SecA ATPase, and Ffh (signal recognition particle), but not on SecB. SecY mutations, such as secY39 and secY205, that severely impair translocation of a number of secretory substrates by interfering with SecA actions only insignificantly impaired the DsbA export. In contrast, secY125, affecting a periplasmic domain and impairing a late step of translocation, exerted strong export inhibition of both classes of proteins. These results suggest that DsbA uses not only the signal recognition particle targeting pathway but also a special route of translocation through the translocon, which is hence suggested to actively discriminate preproteins.
Protein export from the cytosol to the periplasm or the outer membrane in E. coli is mediated by Sec translocase, which is also used for integration of a number of membrane proteins (for reviews, see references 9, 29, and 51). Integral membrane Sec components SecY, SecE, and SecG constitute the core of the polypeptide-conducting channel (50) and a SecDF-YajC complex cooperates with SecYEG for full translocation activity (51) . Another membrane protein, YidC, also functions in conjunction with SecYEG or by itself for the correct integration of membrane proteins (10) . The translocation process is driven by the SecA ATPase as well as by the proton motive force across the membrane (29, 30, 51) , although some membrane protein segments may translocate/integrate in SecAindependent manners (21, 33) . It is known that a number of, but not all, presecretory proteins are chaperoned by SecB to the SecA/SecYEG components on the membrane (40) . It is obscure, however, what might target SecB-independent preproteins to the translocon, except that membrane proteins are considered to be targeted cotranslationally by the signal recognition particle (SRP) system (9, 23, 51) .
OmpA, an outer membrane protein, has most commonly been used as a substrate for the in vivo and in vitro studies of protein translocation. We have also been using maltose-binding protein (MBP), a periplasmic protein, for in vivo analyses of the translocase functions. Generally, these two cell envelope proteins respond similarly, although not identically, to a variety of physiological or mutational alterations of the translocase. However, there is no reason to assume that all secretory proteins depend equally on different subreactivities of the translocase and its constituents. If they indeed respond differently to a particular perturbation of the translocation machinery, such differences could provide valuable information about the functional differentiation of the machinery.
We describe here what is unusual about the export of DsbA, a periplasmic protein having a thioredoxin fold with a Cys31-Cys33 disulfide bond acting as an oxidant for a dithiol in substrate proteins (for a review, see reference 31). This pair of cysteines are kept oxidized by the action of a membrane protein, DsbB. During the course of characterization of the secY mutations we isolated earlier, we used DsbA as a translocase substrate and found that it behaved anomalously compared with other "conventional" substrates, OmpA and MBP. While this work was in progress, Schierle et al. (44) reported that the signal sequence of DsbA is special in that it directs a normally cytosolic and rapidly folding protein, thioredoxin, to the SRPdependent pathway of protein export. However, the export properties of DsbA itself have been insufficiently studied. In this work, we systematically examined the dependence of DsbA export on various elements of the Sec translocation machinery, in particular, different mutational lesions of SecY. (3) . Antisera against MBP, OmpA, DsbA, and SecM were described previously (2, 32, 46) .
To examine the redox states of DsbA, the acid-precipitated proteins were solubilized in buffered sodium dodecyl sulfate (SDS) solution containing 4-acetoamido-4Ј-maleimidylstilbene-2,2Ј-disulfonate (AMS) as described previously (20) , except that the concentration of AMS was 20 mM, before immunoprecipitation of DsbA. Radioactive proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (3) and each protein band was visualized and quantified by a Fuji BAS1800 phosphorimager. The export efficiency of the labeled protein was estimated from the proportion of the signal sequence-processed mature form (for OmpA and MBP) or from the proportion of the oxidized form (for DsbA).
Proteinase K accessibility of reduced and oxidized DsbA species. Pulse-labeled culture was mixed with sodium azide (0.02%) and chloramphenicol (100 g/ml) and placed in an ice bath. Cells were collected by centrifugation in the cold and resuspended in 30 mM Tris-HCl (pH 8.1)-20% sucrose. The suspension was then mixed with 1/10 volume of 1 mg/ml lysozyme dissolved in 0.1 M EDTA (pH 8.0) and incubated at 0°C for 30 min followed by centrifugation (10 min in a microcentrifuge at 4°C) to obtain supernatant (periplasmic fraction) and precipitates (spheroplasts). The spheroplasts were finally resuspended in 30 mM Tris-HCl (pH 8.1)-20% sucrose. Samples were treated with proteinase K (100 g/ml) at 0°C for 60 min. The proteolytic reaction was terminated by addition of 1 mM phenylmethylsulfonyl fluoride, and proteins were precipitated with trichloroacetic acid. When indicated, spheroplasts were disrupted by sonication (three 20-second bursts using a Heat Systems sonicator) before the protease treatment. Subsequently, proteins were subjected to AMS modification and gel electrophoresis, as described above.
Immunoblotting. Immunological detection of cellular accumulated proteins was carried out as described previously (46) . SDS-solubilized cellular proteins equivalent to 10 7 cells were separated by SDS-PAGE and decorated with appropriate antibodies. Protein images were quantified by a Fuji LAS1000 luminoimager.
Accumulation of the precursor form of DsbA. We followed the previously published procedure (55) to accumulate a preprotein in the cell. Plasmid pKJ10 (dsbA) was introduced into cells of KI297 (secY24) harboring pST30 (syd). Cells were grown at 30°C in LB medium containing 0.4% glucose. The overexpression of Syd and DsbA was simultaneously induced with isopropyl-␤-D-galactoside (1 mM) and cyclic AMP (5 mM); Syd severely impairs the function of translocon with the SecY24 altered subunit (46) . After 1 h, total cellular proteins were directly precipitated with 5% trichloroacetic acid and separated by SDS-PAGE. The precursor form of DsbA was identified as a prominently induced band that migrated ahead of a purified preparation of DsbA (a gift from Kenji Inaba). For N-terminal sequencing, proteins were electro-blotted onto a polyvinylidene difluoride membrane filter (Millipore) and stained with Coomassie brilliant blue.
In vitro translation of DsbA. An S140 extract (56) was prepared from AD202 as described previously (3) . Inverted cytosolic membrane vesicles were prepared from the same strain after French press disruption (54). Coupled transcription/ translation of dsbA was directed in the presence of [ 35 S]methionine by plasmid pSK220 (dsbA) DNA in the presence or absence of membranes (3) at 37°C for 40 min.
RESULTS
Anomalous electrophoretic behavior of the DsbA secretory precursor. Biosynthesis of DsbA was studied by pulse-chase experiments using wild-type and secY24 mutant cells that had been exposed to 42°C for 2 h, during which the SecY24 mutant protein should have been degraded substantially (4) . Whereas OmpA in the wild-type cells was labeled almost exclusively as the mature form (Fig. 1A , upper panel; lanes 6 to 10), that in the mutant cells was initially present as the slow-migrating precursor form, which was gradually converted into the mature form during the chase (Fig. 1A , upper panel; lanes 1 to 5). DsbA in the same cells behaved anomalously in that its electrophoretic mobility was faster in the mutant cells than in the wild-type cells (Fig. 1A , lower panel; compare lanes 1 to 5 and lanes 6 to 10). Unlike OmpA, DsbA did not show any significant mobility change in the mutant during the chase period.
We also encountered unexpected electrophoretic behaviors with in vitro-synthesized DsbA, the primary translation product. The mature DsbA product in vivo exhibited considerable protease resistance, due presumably to its tight folding (see Fig. 5 ). We found that a main body of the in vitro translation product of dsbA was also resistant to the proteinase K action. The mobility of the in vitro translation product of DsbA (Fig.  1B, lane 2) was shifted to the "higher molecular mass" side upon treatment with proteinase K (Fig. 1B, lanes 3 and 4) . It is possible that proteinase K removed the signal peptide, if not precisely, from pre-DsbA and that the truncated form of DsbA migrated slower than the primary translation product. Consistent with this notion, when membrane vesicles were present during in vitro translation, a slow-migrating species identical in mobility to the proteinase K-cleaved DsbA was also produced (Fig. 1B , lane 5). We believe that the membrane vesicles allowed translocation of pre-DsbA and signal peptide cleavage by the leader peptidase in the membrane. Although the intrinsic partial protease resistance of DsbA (Fig. 1B , lanes 3 and 4) complicated the situation, the decreased intensity of the lowermobility materials in the presence of both proteinase K and Triton X-100 (Fig. 1B , compare lanes 6 and 7) suggests that the slow-migrating species had been protected from protease digestion by the membrane vesicles in the absence of detergent.
The above results suggest that the precursor form of DsbA migrates faster than the mature form. This was supported further by the following observations. First, DsbA synthesized in the presence of NaN 3 , an inhibitor of SecA, exhibited faster mobility compared with that produced in the absence of the drug ( Fig. 2A, compare lanes 1 and 2) . Second, the fastermigrating DsbA species was produced when it was synthesized in the lep9 mutant cells with a temperature-sensitive leader peptidase (Fig. 2B , compare lane 3 with lanes 1 and 2). Finally, the unusual electrophoretic behavior of the DsbA precursor was established by direct determination of the N-terminal sequences of purified mature DsbA ( Oxidation of DsbA as an indication of its export. DsbA contains a pair of cysteines that constitute the active site for its activity to introduce disulfide bonds into other proteins. This 5 to 7) or the absence (lanes 1 to 4) of inverted membrane vesicles. After reaction at 37°C for 40 min, samples were incubated at 0°C for 30 min in the presence or absence of 100 g/ml of proteinase K (ProtK) and 1% Triton X-100 (Triton) as indicated. Labeled proteins were analyzed by SDS-PAGE and visualized by autoradiography. (C) Confirmation of the anomalous electrophoretic mobility of the DsbA precursor by N-terminal sequencing. DsbA was induced in the SecY-compromised secY24 strain, and total cellular proteins were electrophoresed in lane 1. Lane 2 received purified DsbA. After SDS-PAGE, the electrophoresed proteins were blotted onto a polyvinylidene difluoride membrane filter and stained with Coomassie brilliant blue. The lane 1 band indicated by the circle was barely seen in the uninduced sample (not shown) and should have consisted mainly of pre-DsbA. This band and the DsbA mature band in lane 2 were excised and subjected to N-terminal sequence determination for five residues (APRO Life Science). The N-terminal region of the primary translation product of dsbA is shown below, and the sequences obtained experimentally are underlined. The arrow indicates the signal sequence processing site. coli (7) , DsbA should only be oxidized after export to the periplasm, because the oxidation-essential cysteine residues of DsbB are all facing the periplasm (31). We assessed the redox states of newly synthesized DsbA by examining whether pulselabeled DsbA was modifiable with AMS, a thiol-alkylating agent that causes mobility retardation of the modified protein in SDS-PAGE (20) . As expected, export inhibition by NaN 3 resulted in production of the reduced and AMS-modifiable form of DsbA (Fig. 2A, compare lanes 3 and 4) . The AMSmodified form of DsbA in the NaN 3 -treated wild-type cells (presumably retaining the signal sequence) migrated slightly faster than the signal sequence-processed but reduced form that was produced in the dsbB cells in the absence of NaN 3 ( Fig. 2A, compare lanes 4 and 5) . Addition of NaN 3 to the latter cells resulted in a slight mobility increase of the AMSmodified DsbA (Fig. 2A, compare lanes 5 and 6) . These results are consistent with our finding that signal peptide-unprocessed precursor migrates faster than the processed form; this effect of the signal peptide was observed even when the protein was modified with AMS. As already stated, DsbA synthesized in the leader peptidase-defective lep9 cells, which was supposed to be oxidized but retain the signal peptide, gave a band that migrated faster than the oxidized and signal-processed form (Fig. 2B, lower panel; lane 3) . These results confirm that DsbA is oxidized immediately upon export to the periplasm and that signal peptide accelerates the electrophoretic mobility of DsbA.
DsbA export is SecB independent. The mobility difference between the precursor and mature forms of DsbA was sometimes too subtle to resolve unequivocally. Therefore, we used AMS modifiability to assess the translocation states of DsbA under different in vivo conditions. Whereas export/oxidation of DsbA was retarded in mutant cells having a defect in either secA (Fig. 2B, lane 4) , secY (Fig. 1A) , secE (Fig. 2B, lane 6 ), or secD (Fig. 2B, lane 5) , it was unaffected by the deletion of secB (Fig. 2B, lane 2) . The weak effect of the secE501 mutation was due to the fact that it reduces SecE expression by only about 50% (43) .
DsbA export depends on SRP. Scierle et al. (44) reported that the signal sequence of DsbA can direct thioredoxin, a normally cytosolic protein, to the SRP-dependent export pathway. However, the SRP dependence of DsbA itself was not studied by these authors. We examined the effects of ffh shutdown on export of DsbA, using an engineered strain in which the ffh gene had been placed under arabinose promoter control (38) . Additionally, a plasmid encoding SecM-Met 6 , an SRPdependent secretory protein (32) , was introduced into the strain. Cells were grown first in the presence of arabinose and then in arabinose-free glucose medium to deplete Ffh.
Pulse-labeling and immunoprecipitation experiments revealed that DsbA became labeled as the precursor (reduced) form at about 6 h and thereafter (Fig. 3, middle panel, lanes 3  and 4) . Export of OmpA, an SRP-independent protein, was only negligibly retarded by the medium change (Fig. 3, top  panel) . Thus, secondary inhibition of general protein export was not apparent under these experimental conditions. These results indicate that export of DsbA depends on the SRP function. The SRP depletion effect was observed at Ϸ5 h for export of SecM-Met 6 , increasing fractions of which were then labeled as the elongation-arrested intracellular form (32) (Fig.  3, bottom panel, lanes 2 to 4) . The earlier onset of the export defect for SecM-Met 6 than for DsbA suggests that DsbA may depend on SRP less strongly than SecM-Met 6 does. Consistent with this notion, a mild SRP defect caused by the ffh10(Ts) mutation at the permissive temperature (37) retarded integration of a model membrane protein but not export of DsbA (N. Shimohata, unpublished results). In any case, our results indicate that DsbA does depend on SRP for its translocation across the cytoplasmic membrane, consistent with the conclusion of Shierle et al. (44) that its signal sequence is recognized by the SRP targeting pathway.
Export of DsbA responds to SecY alterations differently from that of previously studied outer membrane and periplasmic proteins. We studied the export of DsbA in a series of cold-sensitive secY mutants that we had characterized previously (3, 49) . The results of pulse-labeling experiments at 20°C with five representative mutants are presented in Fig. 4 . The mutation secY39 affects a conserved and essential Arg357 residue and impairs the ability of SecY to interact productively with SecA (28) . The secY205 alteration also compromises SecA actions, especially the "membrane insertion" reaction (26) . The secY104 mutation may affect some aspect of the SecYSecG interaction (42) . The secY125 mutation affects primarily some late step of protein translocation, such as substrate release from the translocation channel to the periplasmic milieu (24) . The secY40 (secY115) mutation is known to be almost silent with respect to protein export (3), and its defect was proposed to lie in the membrane protein integration processes (34) .
Export of two commonly used cell surface proteins, OmpA and MBP, was severely retarded in the secY39, secY104, secY125, and secY205 mutants but not significantly in the secY40 mutant, confirming the earlier results (Fig. 4A, upper   FIG. 3 . Effects of Ffh depletion on export of DsbA. Plasmid pNH5 (encoding SecM-Met 6 ) was introduced into WAM113 (P ara -ffh) cells, which were grown first in M9-amino acids-0.2% arabinose medium, washed three times with arabinose-free medium, and grown further in the same arabinose-free medium supplemented with 0.4% glucose. panel). In contrast, DsbA exhibited nearly normal export, as indicated by its rapid oxidation, in all the mutants other than secY125 (Fig. 4A, lower panel; Fig. 4B ). It is remarkable that its export is nearly normal in the secY39 and the secY205 mutants (Fig. 4A, lanes 2 and 6; Fig. 4B ).
In the above experiments, the oxidized and reduced forms of DsbA were taken as representing exported and precursor species of this protein, respectively. The validity of this assignment was confirmed by cell fractionation and protease accessibility tests. Pulse-labeling secY125 cells at 30°C, an intermediate temperature, gave both the oxidized and reduced forms of DsbA. The former was fractionated into the soluble periplasmic fraction, whereas the latter was spheroplast associated (Fig. 5) . The intensity of the reduced form in the spheroplasts was unchanged by proteinase K treatment (Fig. 5 , lanes 10 and 11) but was decreased appreciably when spheroplasts were sonicated before the protease treatment (Fig. 5, lane 12) . We believe that DsbA underwent air oxidation after sonication, explaining the increased electrophoretic mobility of the DsbA species that remained after the protease treatment (Fig. 5, lane  12) . The results of the experiment shown in Fig. 4 also indicate that DsbA is rapidly folded into a protease-resistant conformation upon export to the periplasm (Fig. 5, lanes 2 and 8) .
Direct gel electrophoresis and immunoblotting also revealed that the faster-migrating precursor species accumulated in the 30°C-grown secY125 mutant cells but only insignificantly in the secY39 and secY205 mutant cells (Fig. 4C) . The results of the experiment shown in Fig. 4C exclude the possibility that the unusual secY mutational effects on DsbA were only apparent due to the use of oxidation as an indication of export.
DsbA precursor does not undergo posttranslational export. The marked accumulation of the precursor form of DsbA in the secY125 mutant even at 30°C (Fig. 4C) suggests that the precursor form, once produced, does not effectively undergo subsequent processing/export. Whereas roughly a half of the DsbA molecules were labeled as the precursor (reduced) form in secY125 mutant cells at 30°C, they were not chased into the mature (oxidized) form (Fig. 6A, lower panel; Fig. 6B , triangles). OmpA and MBP, on the other hand, exhibited posttranslational processing/translocation, albeit slowly, in secY mutant cells (Fig. 6A, upper panel; Fig. 6B, circles and squares) . Similar differences in posttranslational processing were also observed for DsbA and OmpA in secY24 mutant cells (Fig. 1A) . Finally, precursor DsbA synthesized in the SRP-depleted cells also remained stable and unprocessed during the chase (data not shown).
DISCUSSION
In this paper, we showed that DsbA exhibits several unusual properties in its localization to the periplasm. The precursor form of DsbA proved to migrate faster than the signal sequence-cleaved mature form in SDS-PAGE. Aberrant SDS-PAGE mobility is known for some proteins. Some hydrophilic proteins migrate slower (11), whereas hydrophobic membrane proteins, including SecY (14) and LacY (5), migrate faster than expected from their molecular masses. Waters et al. (52) reported that prepro-␣-factor of Saccharomyces cerevisiae runs faster than the signal sequence-processed form in SDS-PAGE. Two factors are conceivable for these unusual behaviors, SDS binding and residual structure. As pointed out by Schierle et al. (44) , the signal sequence of DsbA is more hydrophobic than that of MBP. Using the SOSUI program (12), we also confirmed that the DsbA signal sequence is more hydrophobic than that of OmpA. It may be possible that the signal sequence region of DsbA binds an excess of SDS molecules, which will confer increased negative charges per polypeptide molecular mass. Alternatively, the mature part of DsbA may bind less SDS, which is compensated for by the hydrophobic signal sequence. Still another possibility is that, unlike signal peptides of some other proteins (36) , the DsbA signal may induce tighter folding of the protein, which somehow survives the denaturing of SDS.
The E. coli SRP prefers a hydrophobic targeting signal (6, 23) . Schierle et al. (44) argued that higher hydrophobicity of the DsbA signal sequence is responsible for the recognition of the DsbA-TrxA fusion protein by SRP. Consistent with this reasoning, we showed that DsbA export depends on Ffh (SRP) but not on SecB. Thus, DsbA, along with SecM (32) and hemoglobin protease (47) , belongs to a special class of cell envelope proteins that are targeted by SRP for export across the membrane rather than for integration into it (18) .
Our results, that even the in vitro-translated DsbA molecules largely resisted the proteinase K action, suggest that the DsbA precursor can be folded efficiently in spite of the presence of the signal peptide. It is known that the reduced form of DsbA is thermodynamically more stable than the oxidized form (53). Thus, not only the periplasmically exported DsbA molecules but also those retained in the cytosol may be able to fold rapidly. The robust inability of cytosolic pre-DsbA, once accumulated, to undergo posttranslational translocation is consistent with its tight folding. As discussed previously (44), SRPmediated cotranslational targeting will be particularly beneficial for such rapidly folding precursor proteins. Earlier studies also revealed an inverse correlation between the folding efficiency and export competence of MBP in the cytoplasm (39) . Whereas MBP is chaperoned by SecB for its normal export (40) , SecB appears to be unable to handle DsbA, due perhaps to its rapid folding potency, which might be to such an extent that it must be captured cotranslationally by SRP.
Among the six secY alleles we examined, only the secY24 and secY125 alterations markedly impaired the export of DsbA. The SecY24 effect can be understood in terms of the proteolytic degradation of this mutant protein (4) . What really surprised us was that DsbA export was only insignificantly affected by three well-characterized secY mutations, secY39, secY104, and secY205. Residue Arg357, affected by secY39, is extremely sensitive to substitutions, many of which exhibit partial dominance with respect to the export/growth defect (28) , suggesting that this residue plays a crucial role in export of growth-essential E. coli proteins. The mutated translocase requires higher ATP concentration and the proton motive force in vitro (30) . Taken together with the fact that the mutational defect can be suppressed by the "superactive" forms of SecA variants (30) , the secY39 defects appear to lie in the efficient utilization of the SecA ATPase as the translocation motor.
The secY205 alteration also appears to impair the SecASecY interaction, probably at the step of SecA "insertion" into the translocation channel (26) . In the in vitro characterization of translocation and integration, Koch and Müller (21) regarded the defect seen with SecY205 membrane vesicles as almost synonymous with the requirement for the SecA function. The secY104 mutation could also affect SecA function because it impairs some aspect of the SecY-SecG interaction (42) , while SecG is considered to assist in the SecA reaction cycles (25, 48) . In these contexts, the lack of the secY39, secY205, and secY104 effects on export of DsbA could be taken to mean that DsbA is SecA-independently exported. Clearly, this is not the case, however, as our results showed that DsbA export was severely defective in the presence of NaN 3 or a SecA-abolishing mutation. It is possible that DsbA and OmpA/ MBP utilize different reactivities of SecA, in which this ATPase drives preprotein entry into the translocon.
According to the three-dimensional structure determined for an archaeic SecYE␤ complex, the residue of the SecY125 alteration, Ser76 in E. coli SecY, is located within the short ␣ helix, termed TM2a, which was proposed to act as the plug to occlude the hourglass-shaped translocation pore from the periplasmic side (50) . The mutational replacement of this residue by bulkier phenylalanine might interfere with the proposed conformational transition of the plug to open the pore. In addition, our previous observation that the secY125 mutant has a protein export defect at some late step of translocation, such as substrate release to the periplasm (24) , might suggest that the plug region is also involved in a process of substrate release from the translocon to the periplasm. DsbA and other "conventional" substrates were equally affected by the SecY125 periplasmic alteration but differentially by a number of mutations that affect the cytoplasmic side of SecY. Thus, these substrates may use different routes for the initial targeting and entry steps, and they may subsequently merge at later processes of translocation, in which SecY elements such as the plug will play crucial roles. Remarkably, we observed that the spectra of secY mutational effects on the integration processes of some model membrane proteins are similar to what we observed here for DsbA export (N. Shimohata, Y. Akiyama, and K. Ito, submitted for publication). These results point to the existence of common translocon elements that DsbA and membrane proteins utilize for their export/integration. Our results suggest that the SecYEG channel is not a passive conduit for polypeptide movement but is able to modulate the mode of its functioning either within the membrane interior or at the initial phase of translocation in a fashion dependent on the mode of targeting of the precursor to the SecA-translocon complex.
